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Abstract

B-Lactamases are responsible for bacterial resistangddotams and are thus of major clinical importance. However,

the identity of the general base involved in their mechanism of action is still unclear. Two candidate residues, Glu166
and Lys73, have been proposed to fulfill this role. Previous studies support the proposal that Glu166 acts during the
deacylation, but there is no consensus on the possible role of this residue in the acylation step. Recent experimental data
and theoretical considerations indicate that Lys73 is protonated in thgfl@etamases, showing that this residue is
unlikely to act as a proton abstractor. On the other hand, it has been proposed th#t, tbe Lys73 would be
dramatically reduced upon substrate binding and would thus be able to act as a base. To check this hypothesis, we
performed continuum electrostatic calculations for five wild-type and tBrtamase mutants to estimate thé, jpf

Lys73 in the presence of substrates, both in the Henri—-Michaelis complex and in the tetrahedral intermediate. In all
cases, thelg, of Lys73 was computed to be above 10, showing that it is unlikely to act as a proton abstractor, even when

a B-lactam substrate is bound in the enzyme active site. Ra@pLys234 is also raised in the tetrahedral intermediate,

thus confirming a probable role of this residue in the stabilization of the tetrahedral intermediate. The influence of the
B-lactam carboxylate on thekp values of the active-site lysines is also discussed.
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B-Lactamases catalyze the hydrolysisgefactam antibiotics such of Glu166 either via a water moleculéamotte-Brasseur et al.,

as penicillins and cephalosporins, resulting in bacterial resistanc&991) or directly as a result of the flexibility of the protein

to these compounds. The elucidation of their mechanism of actioVijayakumar et al., 1995 However, the replacement of Glu166

is thus of major clinical importance. by an asparagine in the TEMf-lactamase yielded an enzyme
Class ApB-lactamases are serine enzymes. Their mechanisnfiorming a stable acyl-enzyme complex wigilactam antibiotics

involves a first recognition step leading to the formation of a(Strynadka et al., 1992; Guillaume et al., 199%XIthough acyla-

Henri—Michaelis complex between the enzyme and the substratéion of the modified proteins by benzylpenicillin remained rela-

followed by the attack on the carbonyl carbon of {dactam  tively fast, it was significantly impaired when compared to

bond by the active-site serineyCatom leading to a negatively observations of the wild-type enzym&uillaume et al., 1997

charged tetrahedral intermediate, before the formation of the acylerFhe same behavior was observed in the case of the TEM-1 E166Y

zyme (Fig. 1). mutant(Delaire et al., 199]] i.e., the acylation rate is greater than
Two residues of the active site, Glu166 and Lys73, are potentiathe deacylation rate. But examination of tag/K,, values showed

candidates to act as the general base by accepting the proton of telwer acylation rates than for the wild-type enzyme. Kinetic stud-

nucleophilic Ser70. ies of the Glu166A mutant of thgacillus licheniformig3-lactamase
Gibson et al(1990 proposed that the active-site residue Glul66 also showed that accumulation of the acyl-enzyme could result

is required for both acylation and deacylation during the hydrolysisfrom a more marked decrease of the deacylation compared to the

of B-lactam antibiotics. Mechanisms first proposed assumed thaacylation rateEscobar et al., 1991

the proton of the active-site serine is transferred to the carboxylate The Glul66 residue has been shown to have a critical role in

catalyzing the deacylation step in the clasgAactamases, but

Reprint requests to: Josette Lamotte-Brasseur, Centre d’Ingénierie dégere is no consensus on its role in the gcylatlo_n step.
Protéines, Institut de Chimie, B6 - Sart-Tilman, B-4000 Liége, Belgium; It has also been suggested that the side-chain amine of Lys73
e-mail: jlamotte@ulg.ac.be. could act as a general base, and that its buried side chain was kept
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E‘OJ—\ Table 1. Calculated pKs of key residues of the TEM-1
Eon *]/__—L = Tl T N T ) w and B. licheniformig3-lactamases in the absence
o o 0-

and presence of ligands

Michaelis Tetrahedral Acylenzyme

complex intermediate B-Lactam K73  E166 K234  Carboxyl

Fig. 1. Schematic representation of part of the reaction pathway between _
active-site seringg-lactamases an@-lactam antibiotics. E-OH is the en-
zyme, and thg8-lactam substrate is depicted byBdactam ring.

11.7 4.4 111 —
11.7 4.4 11.3

Benzylpenicillin 12.0 4.6 115 3.6
121 4.4 11.8 3.3
Cephalothin 12.1 4.6 11.6 3.3

in the neutral state by the active-site environment. This requires an .

unusually low X, for Lys73 in the substrate free enzyii@&rynadka Benzylpenicillin methyl ester  11.7 44 1 -
et al., 1992. On the other hand, from NMR and chemical modi- Cephalosporin lactone 11.7 45 11.1 —
fication studies it has been concluded that th&, pf Lys73 is
above 10 Damblon et al., 1996 Recently, continuum electrostatic
calculations, in accord with the experimental data, indicated that a

downward. IKa Shift fo.r Lys73 in the TEM-1 and. licheniformis aThe B-lactam substrates as bound in the Henri-Michaelis complex and
enzymes is very unlikelfRaquet et al., 1997bin the mutant  yonzyipenicillin as in the tetrahedral intermediate. The compuiad/al-
proteins in which Glu166 is replaced by a neutral residue, calcUues of theg-lactam carboxylic group are also given. Values for TEM-1 are
lations predicted that the downward shift of the€,mf Lys73 was  given in plain text and thoster B. licheniformisin italics.
not sufficient to generate a neutiabmino group capable of being
a possible proton abstractor at physiological pH.

Finally, a substrate-induced mechanism has been proposed
(Swaren et al., 1995; Zawadzke et al., 1996 which the [, of hole formed by the backbone nitrogen atoms of Ser70 and residue
Lys73 would be dramatically reduced upon substrate binding. 237 (Fig. 3. Hydrogen bonds were formed between the(CB

To estimate the I§, of Lys73 in the presence of substrates, we side-chain amide group of tiglactam and the side-chain nitrogen
have performed continuum electrostatic calculations for severahtom of Asn132 on one hand and the main-chain oxygen atom of
wild-type and mutanB-lactamases in the absence and presence ofesidue 237 on the other. In the case of the good substrates con-
different types ofg-lactam antibiotics. In all cases, th&Kpof  sidered(benzylpenicillin and cephalothinwhich bear a carboxy-
Lys73 was computed to be above 10, which is inconsistent withate, this group was oriented to make a weak hydrogen bond to the
the proposal of a downward< shift upon substrate binding. The e-amino group of Lys234. A cephalosporin lactone and, to a lesser
influence of theg-lactam carboxylate on thekp values and the  extent, the methyl ester of benzylpenicillin have been shown to
possible role of the active-site residues during the acylation propind to 8-lactamases despite the fact that they do not possess a

Benzylpenicillin 12.2 4.9 11.8 3.0
tetrahedral intermediate 12.4 4.8 12.0 3.2

cess are also discussed. formal anionic group on C4 or C3, respectivélyaws & Page,
Results
Ligand-free enzymes A RecomH s B ReCoN S

6 7
Raquet et al(1997h computed the K, values for Lys73 and m 5 N\AIJ\/OAC
Lys234 in the active site of both TEM-1 arf. licheniformis 0o 5 © :
B-lactamases to be in the range 11.1-1(T&ble 1. Too- coo”

We computed thelf, values of Lys73 and Lys234 in tt&trep-
tomyces albuss, Staphylococcus aureu8C1l andEnterobacter
cloacaeNMC-A wild-type class A8-lactamases, and again found C  F“ONH, 5 D Recon 8
pKas of about 11 in all fiveB-lactamaseddata not showpn al- I N\3>< | N| \
though they have theoretically different electrostatic environments. o 4 o &
Thus, despite being totally buried in the protéthe solvent ac-
cessible surface area of these residues is 0, Raquet et al.,)1997b o}

the K s of these lysines are conserved at a value resulting in
charged lysine side chains at neutral pH. This conserved property

is also an indicator of the consistency and robustness of the metholt =~ R1CONE s R, Q_CH2_
used in the calculations. m
N
0 B

Henri—Michaelis complexes between TEM-1 |
CH3
and B-lactam compounds ’

A - Fig. 2. Structure of the8-lactam molecules considered in the calculations:
The -lactam molecules shown in Figure 2 were docked into the(A) benzylpenicillin, (B) cephalothin,(C) benzylpenicillin methyl ester,

TEM-1 active site as described by Lamotte-Brasseur &i8b1). (D) deacetylcephalosporin lactone, afif) tetrahedral intermediate with
The B-lactam carbonyl oxygen atom was located in the oxyanionbenzylpenicillin. The catalytic serine is represented by a-OHjroup.
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,_/_/ K234 Ser130 Q atom became hydrogen bonded to one oxygen atom of

\I the inhibitor, which was located in the active site at a position
K73 ¥ equivalent to that of the lactam nitrogen of benzylpenicillin. Ac-
\ s cording to modeling resultéLamotte-Brasseur et al., 1991he
side chains in the active site of tt& albusG p-lactamase also

0, ~ oL reorient upon substrate binding. Similar modifications of the TEM-1
>/O B-lactamase active site appeared after modeling of the tetrahedral
, intermediate formed with benzylpenicilliJ. Lamotte-Brasseur,

S/ S70 unpubl. results In addition, the hydrogen bond distance between
. N |/\NH the Lys234 ammonium group and tigelactam carboxylate was

shortened by 0.5 A.
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"C'; The calculated I§;s corresponding to this model are shown in

N——---te0 | \NH Table 1. Lys73 and Lys234 were computed to have slightly raised
/ [N —N pK, values, thus indicating a possible role for Lys234 in the

E166 | i \OJ transition-state stabilization. This possibility was already proposed
—N /(.') 237 by Brannigan et al(1991), who showed that a positively charged

histidine residue could successfully replace the native Lys234 in
the S. albusG B-lactamase. The pH dependence of the kinetic
parameters demonstrated that the positive charge on residue 234
was more important for the stabilization of the tetrahedral inter-
N170 mediate than for the complementarity between the enzyme and the
substrate ground states, which is responsible for the initial binding

Fig. 3. Schematic diagram of the interactions in the noncovalent Henri_(Brannigan et al., 1991

Michaelis complex between a native clasgAactamase and g-lactam
antibiotic. Dashed lines represent hydrogen bonds.

E166XB3-lactamases mutants

It is now generally agreed that the Glul66 carboxylate acts as a
general base catalyst during the deacylation step where an oc-
cluded water molecule is believed to be the nucleophile. This water
. ) . . molecule(W292 in TEM-)) is found centrally in the active sites of
M.Tﬁe FIK""S Wer? compzteld fc])crtﬁll t_';?;/?tile re&duez |nt;]he Hetrr‘]naall wild-type B-lactamase structures determined so far. Its position
IChaelis compleéx models of the -1 enzyme Dy the method;y conserved, and it bridges the Glu166 and Asn170 side chains and

dfefr? “be(tj. n R'z:quet %t dlLo97h Lor the. frﬁ_e;nzi/mviih-rbh«asl the hydroxyl group of the essential Ser70. However, the various
of the active-site residues are shown in 1able L. VWth benzylpeNg, 4| data all indicate that the “catalytic” water molecule is
icillin and cephalothin, the I, values of the active-site lysines

ignificantly displaced in th tants: in the ab f the glu-
were computed to increase, the shift varying from 0.3—X5 p significanty cispiacedtin tne mutan's. in ihe ansence of e giu

tamic acid side chain, this molecule is displaced by about 1 A
units, depending on thg-lactam and on the residue considered. ! 9 sl n, tis e 1S aIsp y .

. toward Asn170 and away from Ser70, which both bridge in the
With the carboxylate-fre@-lactams bound, theKy, values were W way Wit age |

hanged wh d to those of th idues in theve enzymes.
unchanged when compared 1o those of thé same residues in the, | addition, theQ)-loop (residues 161-17%%onformation is dif-

free enzyme. The presence of the carboxy!ate thus induced %rent in some mutants. The active site is enlarged by a displace-
upward shift of the Lys73 and Lys234gs, which could be cor- ment of thisQ-loop in the TEM-1 E166Y proteirfMaveyraud

related with the fact that an anionic group on(C3) of the anti- et al., 1996, while, according to Knox et a{1993, the position of
biotics is generally thought to be essential for the effective acylatioqhe Q’-Ioop i’s not étrongly modified in the Iiche’niformisE166A

of the B-lactamases. A further upward shift of thk4s of Glu166 mutant. The situation is the same in the TEM-1 E166N mutant
and Lys234 was also calculated for the tetrahedral intermediate a(%tryn adka et al., 1992

described below.

1989; Varetto et al., 1991These compounds were also considered
here to evaluate the influence of the carboxylate on Hgp

As for the wild-type enzymes, calculations were performed for
ligand-free, Henri—-Michaelis complexes, tetrahedral intermediates
formed with benzylpenicillin for the TEM-1 E166N and E166Y,
and theB. licheniformisE166A mutani3-lactamases. The results
In the Henri—Michaelis complex, thg-lactam carbonyl bond is of these calculations are summarized in Table 2.
polarized by the oxyanion hole and the carbonyl carbon C5 is Compared to thel,s calculated for the wild-type enzyme res-
positioned abo3 A away from the Ser70 OH group, and is ready idues, three points should be notdd) As observed by Raquet
to undergo nucleophilic attack by the active serine. Upon forma-et al. (19970, Lys73 and Lys234 retainkys of about 11 in the
tion of the Ser70 Q-C5 bond, a negatively charged adduct appearsTEM-1 E166N andB. licheniformisE166A ligand-free mutants.
in which C5 adopts a tetrahedral geometry. These calculations show that thigs of Lys73 and Lys234 are in

Recently, the crystal structure of the TEMBillactamase with a the same range in the E166Y mutant, despite the fact that the
phosphonate transition state analogue bound at the active site wasbstrate binding site is enlarged in this enzy@.The K, of
determined Maveyraud et al., 1998 This work indicated move- Tyrl66, a titratable residue, was also calculated and found to be
ments of the Lys73 amino, Glu166 carboxyl, and Ser130 hydroxyhormal both in the free enzyme and in the complex&sSubstrate
groups. The distance between the Lys73aNd both Ser70 Qand  binding to the three mutants also induced a slight upward shift of
Glu166 Q atoms increased by 0.3 A. On the other hand, thethe K,s of the two active-site lysines.

Benzylpenicillin tetrahedral intermediate
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Table 2. pK, values computed for Lys73, residue 166 and water molecule shifted upward more than that of Glul66-3 U
Lys234 in TEM-1 and B. licheniformis E166X mutant enzymes, vs. 0.5 U. This result can be explained by the fact that the water
free or with benzylpenicillin as bound in the Henri-Michaelis is located closer to the negatively charged tetrahedral intermediate

complex or tetrahedral intermediate than the Glu166 carboxylic group. This hypothesis would permit
the proposal of a common mechanism for class A and class C
B-Lactamase K73~ X166 K234 pg.|actamases. Indeed a conserved water molecule is also found

close to the nucleophilic serine in the class C enzythebkovsky

TEM-1 E166N Ligand 11.2 — 10.9 . A
TEM-1 E166Y 11.4 92 110 €tal, 1993 Itis located on thes face of the antlt_notlc, whereas
B. licheniformisE166A Free 11.3 o 10.9 for the class A enzymes, the Water.molecule is on d¢héace
) ) (Massova & Mobashery, 1998GIul66 in class A8-lactamases or
IEMi Eigg Michaelis 111165 9_3 111175 the conserved Tyr15Matagne et al., 1998n the class C enzymes
T . : : : would then be important for activating the water by constraining it
B. licheniformisE166A Complex 115 — 114 _ . o
to the most efficient position to facilitate the proton transfer.
TEM-1 E166N Tetrahedral 11.8 — 11.8 However, the K, calculation methodology used has not yet
TEM-1 E166Y _ 121 9.7 120 peen calibrated for calculating th&pvalues of individual water
B. licheniformisE166A  Intermediate  11.9 - 118 molecules and this hypothesis must be considered with caution.
The upward shift is not sufficient for the water molecule to become
the base, but many important factors for thi€,pof this water
molecule may be missing in the model. A more detailed model
. . might show that the water molecule could be the transient inter-
Discussion

mediate proton sink, rather than Glul66. A combined QN

The K, of Lys73 has previously been computed to be above 10 irpotential is probably the most suitable method to incorporate the
the free TEM-1 andB. licheniformisclass AB-lactamase$Raquet  solvent quantum effects into simulations of enzymatic systems and
et al., 1997k, in good agreement with the NMR results obtained investigate the different roles of Lys73, Glul66, and the water
with the TEM-1 B-lactamase, but in contrast to the proposal thatmolecule. Application of this method to the system described above
Lys73 acts as the general base involved in the acylation step. Evemould be of particular interest.

in the mutant proteins where Glul66 is replaced by a neutral In conclusion, the results of thekp calculations presented here
residue, the downward shift of the Lys7B pwas calculated to be show that Lys73 is unlikely to act as a proton abstractor, even when
insufficient to make this residue uncharged at pH 7. a B-lactam is bound. The results also confirm a probable role of

Using the same continuum electrostatic model, additional callys234 in the stabilization of the penicillin tetrahedral intermedi-
culations were carried out to check the influence of substratesate. However, the results did not permit clarification of the nature
Upon binding of penicillin or cephalosporifboth as the Henri— of the proton abstractor during the acylation step, if a classical
Michaelis complex or the tetrahedral intermedjatbe K, of the general base catalysis is involved in this process.

Lys73 is computed to increase. This residue is thus protonated at

neutral pH, even whenglactam substrate is bound in the enzyme
active site. This shows that Lys73 is unlikely to act as a proton
abstractor. Materials

The K, of Lys234 is also raised in the tetrahedral intermediate,
thus confirming a possible role for this residue in the stabilizationCrystallographic structures from the Brookhaven Protein Data Bank
of the tetrahedral intermediate. were used for the TEM-11XPB) (Fonzé et al., 1995B. licheni-

At neutral pH, the Glu166 and Tyr166 residues are computed tdormis (4BLM) (Moews et al., 1990 andS. aureusPC1(3BLM)
have normal protonation states even in the tetrahedral intermediatélerzberg, 1991 wild-type B-lactamases and for th®. licheni-
models. This result does not support a mechanism in which residu®rmisE166A(1MBL) (Knox et al., 1993 mutant protein. Refined
166 would act directly as the general base during the acylatiowoordinates of thé&. albusG (Dideberg et al., 1987and TEM-1
step. E166Y (Maveyraud et al., 19968-lactamases were provided by

The conserved water molecule is another key element of th®r. O. Dideberg and L. Maveyraud, respectively.
active site. It could act as the central relay during the proton Modeled coordinates were used for tBecloacaeNMC-A car-
transfer from the active serine to th&lactam ring nitrogen bapenemasé¢Raquet et al., 1997aand TEM-1 E166N mutant
(Lamotte-Brasseur et al., 199The importance of this water mol- (Guillaume et al., 1997
ecule is highlighted by the behavior of penicillins and cephalo- The protein structures were manipulated with Insigh¢Blo-
sporins containing a methoxy group at @genicilling or C7  sym, version 97, Molecular Simulations, Inc., San Diego, Califor-
(cephalosporins which acylate the active serine very slowly or nia). Polar hydrogen atoms were added using WHaiidoft et al.,
not at all, while similar molecules lacking the methoxy group do s01996. The positions of the water molecules and hydrogen atoms
with high efficiency. Both types oB-lactams can be easily fitted were optimized with the AMBER united atom force fielBearl-
into the enzyme active site but the methoxy group of the formeman et al., 1995
displaces the water molecule, interrupting the proton transfer pro- The University of Houston Brownian Dynami¢§/HBD) pro-
cess(Matagne et al., 1993 gram, version 6.1Madura et al., 1995 was used for electrostatic

Some of the K, calculations were repeated with this crystallo- calculations together with supplemental utilities fd€ pcalcula-
graphically observed water molecule explicitly added as a titrattions (Antosiewicz et al., 1996and modifications for parametri-
able site(data not shown These calculations indicated that on zation (Demchuk & Wade, 1996and solution of the multiple
formation of the tetrahedral intermediate, the acidi¢, pf the titration site problemRaquet et al., 1997b

Materials and methods
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Modeling of3-lactam structures radius 1.0 A for calculations with the OPLS parameters. The ionic
. I . strength of the solvent was assumed to be 150 mM and to follow
The geometries of the antibiotic structures were optimized by the o
. . . a Boltzmann distribution at 298 K. Molecules were surrounded by
AM1 semi-empirical method, as described by Lamotte-Brasseur L -
; . . a 2 A thick ion exclusion layer.
et al. (1991). CNDO partial atomic charges on the ligands were . . . .
. . Electrostatic energies were calculated by numerically solving
generally used. To check the influence of the values assigned to tr}ﬁ

. . e finite-difference linearized Poisson—Boltzmann equation, using
partial atomic charges, AM1 and MNDO charges were also €N n incomplete Cholesky preconditioned conjugated gradient method
sidered for the TEM-1-benzylpenicillin complexes. This led to P yp g g

similar results(data not shown (Davis & McCammon, 1980 The electrostatic potentials were
calculated by means of focusing grids on each of the titratable

residues. Focusing was done in four steps. Four cubic grids with

Mode”ng of protein structures Spacings of 2.5, 1.2,0.75, and 0.25 A and with dimensions %),f 60

.y . , , _ 253, 203 and 20, respectively, were generally used.
Initial assignments of the protonation states of titratable residues The potential at the boundary of the outer grid was assigned

were made as follows: the protonation state of histidine reS'id“e%ssuming each protein atom to be a Debye—Hiickel sphere. Both
was chosen by geometrical analysis of potential hydrogen bondghe partial atomic charges and the dielectric boundary were dis-
Other titratable sites were assigned their usual protonation state @fatizeq onto the finite-difference grids, and the dielectric constant

pH 7.0. N- and C-termini were assumed to be protonated angas smoothed at the grid points adjacent to the bourid2ayis &
deprotonated, respectively. Polar hydrogen atoms were then add§g-cammon 1991

to the crystal structures using the WhatHlooft et al., 1996
software package. Initial positions of the “catalytic” water mol-
ecules were those observed in the crystal or model structures. Thec_ calculations
positions of the water molecules and hydrogen atoms were opti-
mized with the AMBER united atom force fielPearlman et al., The K,s of all the ionizable groups of each protein were estimated
1995 first by steepest descent energy minimization of atoms withfrom solution of the muiltiple titration site problem at a range of
forces above 500 kcal mot A~2 and then by conjugate gradient PHS by assuming that the<g of an ionizable group at a chosen pH
energy minimization until the RMS gradient was less than 0.1 kcal$ 9iven by
mol~t A1,

PKa = pH — (In([1]/[HI]))/2.303 (N

Modeling of complexes

. . . _ where HI represents the protonated form and | the unprotonated
Each g-lactam structure was oriented in the enzyme active Sit&orm of the ionizable grougRaquet et al., 1997b

exploiting the rgquirements of electrostatic, hydrophobi_c, and shape For each titratable site, a model compound was defined, con-
complementarity between enzyme and substrate, as first suggestefliing of the whole amino acid residue in its conformation in the

by Herzberg and Moult1987). This mode of binding is shown in = iein Referencelf, values for the model compounds and cal-

Figure 3 and described in Results. Modeling of the benzylpem-Culation protocol were those indicated in Raquet et(3897h.

cillin tetrahedral intermediates in which the ligand is covalently Reference K, value for theB-lactam carboxylate was 3(Eaws
linked to the active-site serine residue was done after substituting Page 198?9

the O-CH3 group of the optimized structuigee Fig. 2 by the The appropriate dielectric constant for the protein to obtain the

O-CH2 Sid? chain _Of t_he se_rine residue. The_ geometry of thebest estimates ofifys was then chosen using a criterion based on
corresponding Henri-Michaelis and tetrahedral intermediate COMgeasolvation energyDemchuk & Wade, 1996 This indicated that
plexes was optimized as described for the native enzyme, COfyye most accurateky values should be obtained using a protein
straining bond lengths, angle_s, and ring dihedral angles to theifjiqjectric equal to that of the solvefif8.5. When a protein di-
values from the AM1 calculations. electric constant of 15 was used, the calculatégsppf Lys73 and
Lys234 increased and decreased by about 0.7 U, respectively, but
the values were in all cases above 10. The results of the calcula-

tions led to the same conclusions, i.e., that the lysines are in a
Partial atomic charges on the protein and all atomic radii wereprotonated state.

assigned from the OPLS parameter selsrgensen & Tirado-

Rives, 1988. The representation of neutral forms of residues that

are normally charged at neutral pH was modified as proposed bgolvent accessibility calculations
Demchuk and Wadé1996, so that the neutral forms of these

residues could be represented with the same number of protons Eéﬂe solven.t accgssible e determined from the pro-
their charged forms. This removed the need to model protons ifein three-dimensional structure by the algorithm of Lee and Rich-
rds (1971). A spherical probe radius of 1.0 A was used in the

energetically unfavorable positions, as would be necessary if th& }

standard representation of the neutral forms of these residues Weﬁ;glculatlons.

used. Atomic radii were scaled by 1.122 to correspond to the radii

at the minimum in the Lennard—-Jones potential, and hydrogemcknowledgments
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